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The Ig heavy chain is composed of four regions, VH, DH, JH, and CH. Each
region is encoded by discrete gene segments which, in the germline state, are
widely separated on the chromosome (1). During differentiation along the B cell
pathway, three of these gene segments, namely, V, D, andJ, become juxtaposed,
forming a complete heavy chain gene with the ensuing deletion of the interven-
ing DNA sequences. In the mouse, there are >100 germline-encoded heavy
chain VH gene segments categorized into at least nine families based upon
sequence homology to representative
DNA
probes (2-4). Whereas the genetic
mechanism involved in the joining process has received much attention, little is
known concerning the basis for the selection of a particular VH gene segment
(5-7). Models based upon transformed cell lines and/or total RNA suggest that
the process is developmentally ordered and related to the position of the V gene
segment relative to the DJ-C complex (5). Thus some families are underrepre-
sented in B cell hybridomas, from fetal or neonatal mice as well as in Abelson-
formed yweQ cell lines, while other families, notably the JH most proximal
gene family, VH7183, are overrepresented (5). In this communication we pro-
vide evidence that a genetic locus (or loci) lying outside the VH region plays a
regulatory role in VH selection. This conclusion is based upon the analysis of VH
family usage in primary B cell colonies derived from congenic mice carrying the
Igh' or Igh
b haplotype.
Materials and Methods
Colony-forming B cells were grown as previously described (8-10) from the spleen
cells of adult mice obtained from the breeding facilities of the Basel Institute for Immu-
nology. The RNA blots were hybridized with CA and eight VH family-specific DNA frag-
ments as previously described (8), andthe resulting filters were autoradiographed for 3-
14 d. The VH family-specific probes were isolated from appropriately dig
using standard procedures (9). The plasmids were kindly provided by F. Alt, G. Yanco-
Poulos, E. Dzierzak, R. Riblet, P. Brodeur, R. Perlmutter, J. Adams, and G. Lennox.
Interpretation of RNA dot blot analyses can be hampered by nonspecific background
hybridizations. These difficulties were overcome in the RNA colony blot assay by rigor-
ously testingour probes and procedures. We found the followingdetails important: frag-
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ment size ranging from 200 to ^1,000 by was optimal; the specificity of each fragment
used was confirmed each time it was reisolated using cell lines of known V,, regions.
Fscherichia coli DNA (100 Ag/ml) and poly A (100 gg/ml) were included in the prehybri-
dization and hybridization solutions; long prehybridization (overnight), hybridization (36
h),, and washing procedures (3-4 h) were used.
Control experiments probing the same colony with more than one VH family probe
showed hybridization to only one probe. Furthermore, we failed to detect hybridization
to probes encompassing sequences not found in mature Ig mRNA (e.g., 3' VHJ558, C/
intervening sequence probes). These controls demonstrated that transcriptions that may
occur during B cell development, such as those due to germline V gene transcription,
aberrant or sterile Cu transcription, and VH gene replacement, are not detectable in our
assay. We emphasize that at the time of assay, B cell colonies contain mature Ig-secreting
cells. Transcriptions that could have been more abundant at earlier times in colony devel-
opment may well be undetectable at the time of assay.
Results and Discuss
We have used the RNA colony blot assay to characterize the VH family usage
of B cell colonies derived from surface Ig* (sIg+) spleen cells (CFU-B) and sIg-
fetal liver cells (CFU-pre-B) with eight VH family-specific DNA probes (9). We
found that VH family usage was independent of whether the cell that initiated
colony formation was a CFU-B or CFU-pre-B. However, we did find that the VH
family usage was highly strain dependent. Discrete patterns of VH family usage
are particularly prominent when C57BL/6 and BALB/c mice are compared and
can be most easily illustrated by analysis of two VH gene families, namely
VHJ558, the largest family, and VH7183, the most JH proximal family in BALB/
c mice. C57BL/6 mice used VHJ558 most frequently (mean in six experiments
monitoring >2,500 individual colonies: 45%) and VH7183 far less frequently
(mean: 10%) . In contrast, BALB/c mice used the VH7183 family most frequently
(mean in nine experiments monitoring >700 individual colonies: 22%) and used
V,IJ558 less often (mean: 13%). To simplify this comparison we express these
data as a single parameter, i.e., the VHJ558/VH7183 ratio. In these experiments
this ratio was 4 .7:1 in C57BL/6 mice and 0.6:1 in BALB/c mice.
As a first approach to identify the basis for this genetic difference, we ana-
lyzed VH usage in B cell colonies derived from (C57BL/6 X BALB/c)F, mice
and (BALB/c X C57BL/6)F, mice. Based upon analysis of 2,343 colonies from
the F, mice we found that the percent utilization detected was intermediate
between the parental patterns in every VH family for which parental differences
had been noted (9) . This point is best illustrated by comparing F, and parental
h respect to the VHJ558/VH7183 ratio (Fig. 1). This result rules out the
possibility that the VH usage is determined by a dominant diffusible gene prod-
uct encoded by either C57BL/6 or BALB/c genes. Further, since similar
Vt j558/VH7183 values were found in the reciprocal F, hybrids, the influence
of maternally inherited factors must be negligible in the determination of the
Vn family.
An intermediate response in the F, hybrids could be explained if the Igh locus
itself could determine VH family usage. Then colonies expressing the BALB/c
Igh allele would show the VH preference of BALB/c, while those expressing the
C57BL/6 allele would show the C57BL/6 preference. This possibility was tested
by analyzing mice congenic at the Igh locus. We used two congenic strains for8 :1
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Plot of the VHJ558/VH183 ratios in individual
parent and F, hybrid experiments. Each circle is the ratio
determined from onecompleteV family usage experiment
in which triplicate blots were assessed for the hybridization
to k or theV family probes . The mean ratio (± SEM) of
each group resulting from the analysis of >500 individual
colonies in every case is 5.03 ± 1 .73 for C57BL/6, 0.68 ±
0.14 for BALB/c, and 2.41 ± 0.30 for F, hybrids. Appli-
cation of the Mann-Whitney U-test to these data reveals that
each of these groups differ significantly from each other (ib
> 95'%) . BALB/c ("), C57BL/6 (O), F, with a BALB/c
mother and a C57BL/6 father ((11), F, with a C57BL/6
mother and a BALB/c father ((3) . (-) Arithmatic mean .
this analysis : B.C-Iga (C571ga), which has the Igh locus of BALB/c on aC57BL/
6 background ; and CB20, which has the Igh locus of C57BL/6 on a BALB/c
background (11) . The VH genotype of the congenic mice was verified by South-
ern blot analysis of kidney DNA (Fig . 2) .
The frequency of VH family usage was determined for the congenic and
parental strains and the VIAJ558/VH7183 ratios are shown in Fig . 3. The ratios
fall into two groups : a BALB/c type group (BALB/c, CB20) and a C57BL/6
type group (C57BL/6, C571gh') . The BALB/c group has low VHJ558/VH7183
Flc;URF: 2 . Southern
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blot
analysis of parental and con-
genic DNA. Approximately 5
ug of genomic DNA was
digested with Eco RI fraction-
ated on a 0.8% agarose gel
and transferred to Gene-
ScreenPlus filters . Triplicate
blots were assayed for hybrid-
ization to "1P-labeled VHQ52,
VH7183, and VHJ606 gene
family probes (9) . After
hybridization and washing the
blots were exposed for 7 d
with intensifying screens . The
VQ52 probe consists of an
^-300 by Eco RI-Barn HI fragment from pVHQ52Hha.1 and contains the V coding region and
20 J H nucleotides. The VH7183 probe consists of an ^-1,000-bp Eco RI-Bam HI fragment from
pVHSAPC-15 containing the VH coding region and some 5' flanking sequences . The probe V0606
contains an -600-bpEco RI-Bam HI fragment from pBV14J606 containing the VH coding region
and 5' flanking sequences . Sizes in kilobases of the marker DNA X cut with Hind III, are noted on
the right of the autoradiographs .1502
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FIGURE 3. Plot of the V1tJ558/V7183 ratios in C57BL/6 and
BALB/c parents, and CB20 are C57Iga congenic mice. Each circle is
the ratio determined from one complete V,, family usage experiment
in which triplicate blots were assessed for hybridization to 'U or the V
family probes. The mean ratio (±SEM) of each group, resulting from
the analysis of >500 individual colonies in every case is 3.86 ± 0.27
for C57BL/6, 0.94 ± 0.22 for BALB/c, 1.35 ± 0.12 for CB20 and
3.22 ± 0.23 for C57Ig. Application of the Mann-Whitney U-test to
these data revealed that the following groups differ significantly (p >
95%) from each other: C57BL/6 vs. BALB/c; C57BL/6 vs. CB20;
C57Ig vs. BALB/c; C57Iga vs. CB20. In contrast, the following
groups were found not to differ significantly: BALB/c vs. CB20 and
C57BL/6 vs. C57Iga.
ratios (1 .1 :1, 1 .4:1) and correlates with the BALB/c background; the C57BL/6
group has high V,tJ558/VH7183 ratios (3.9:1, 3 .3:1) and correlates with the
C57BL/6 background.
These data demonstrate that polymorphisms of the Vx locus are not the prin-
ciple determinants of VH family usage. Thus, differences in the putative recom-
bination sequences, the overall organization of the V,-, locus, linear map distance
from combinatorial elements or in the quantity and quality of V,-, genes them-
selves, do not explain strain differences in VH family usage. Rather, one (or
more) locus outside of the Igh locus regulates the relative frequency at which
VH gene families are used.
In our experiments, 3-5% of BALB/c spleen cells (^"5-10% of sIg+ B cells)
form colonies, whereas 10-15% of C57BL/6 spleen cells (^-20-30% of sIg+ B
cells) form colonies. To determine whether the cloning efficiency was related
directly to VH gene family usage, we studied recombinant inbred mice derived
from BALB/c X C57BL/6 parents. We found the cloning efficiency and VH
gene family usage varied independently. In four experiments analyzing >1,000
colonies, BALB/c and C57BL/6 controls had values for cloning efficiency sim-
ilar to those reported previously (3 and 10% of input spleen cells, respectively)
as well as typical J558/7183 ratios (1 .2 and 4.3, respectively). In contrast,
recombinant inbred strains CXBH and CXBI exhibited C57BL/6 type J558/
7183 ratios (4 .6 and 4.3, respectively) with low-to-intermediate cloning efficien-
cies (5 and 6%, respectively). These results demonstrate that the loci that deter-
mine cloning efficiency are unlinked to the loci that determine VH gene family
usage.
Shultze and Kelsoe (11) have also examined VH usage in primary B cell colo-
nies derived from spleen. In their system splenic cells are grown on filter paper
discs in the presence of LPS and thymocytes. In this system they have deter-
mined the usage of three Vx families, namely X24, Q52, and J558, in both
C57BL/6 and BALB/c strains. Although they note a slightly higher usage in
BALB/c of the Q52 family this difference is not significant in their system and
they conclude that strain-specific differences are not found. The discrepancy
between these data and our own may well be due to technical differences in the
assays. The filter paper disc method requires colony sizes to exceed 100 cellsWU AND PAIGE
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for a signal to be detected, whereas the RNA colony blot assay detects colonies
that have achieved the 30-cell stage. Perhaps because of this difference 1 % of
the input spleen cells (from C57BL/6) are detectable in the filter paper disc
method, whereas 10-15% of the input spleen cells are detectable in the RNA
colony blot method. Further, although both methods rely on LPS as the prin-
cipal proliferative stimulus, thymocytes are present in the filter paper disc assay
and not in the RNA colony blot assay, whereas agar mitogen is present in the
latter and not in the former. These differences make direct comparisons diffi-
cult. It should also be noted that the polymorphism detected in our assay may
well be due to a trait that has already diverged within either the BALB/c or
C57BL/6 mouse strain.
The experiments reported in this paper demonstrate a stable and reproduc-
ible phenotypic difference, detected as the probability of VH usage, which can
be traced through parental, F,, congenic, and recombinant inbred strains. The
discovery of an unexpected genetic region outside the Ig loci that influences the
probability of VH usage leads to the prediction that important regulatory mech-
anisms exist and may be mapped based upon the assay described herein. These
might involve genes encoding the recombination enzymes or genes that regulate
their expression, differences in factors affecting DNA topology, or even post-
translational differences that would result in intracellular selection.
Summary
We have used the RNA colony blot method to examine VH usage in colonies
derived from primary splenic B cells. We found that there are strain-specific
differences in the pattern of VH usage. Using parental F,, congenic, and recom-
binant inbred strains we demonstrate that the genetic element that causes the
observed phenotype is: (a) stably expressed; (b) not due to maternal influence;
(c) not due to dominate diffusible factors; (d) not linked to cloning efficiency;
and (e) outside the Igh locus.
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